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METHOD FOR FABRICATING A
SEMICONDUCTOR STRUCTURE

This application is a divisional application claiming prior-
ity to Ser. No. 10/904,660, filed Nov. 22, 2004.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to semiconductor transistors,
and more particularly, to lowered source/drain semiconductor
transistors.

2. Related Art

A typical semiconductor transistor comprises a channel
region and first and second source/drain (S/D) regions formed
in a semiconductor layer, wherein the channel region is dis-
posed between the first and second S/D regions. The typical
semiconductor transistor further comprises a gate stack (that
includes a gate dielectric region directly on top the channel
region and a gate region on top of the gate dielectric region)
directly above the channel region. In addition, first and sec-
ond gate spacers are formed on sidewalls of the gate stack so
as to define the first and second S/D regions, respectively. The
capacitance between the gate region and the first S/D region
has several components one of which is defined by a path
from the gate region to the first S/D region through the first
gate spacer. This capacitance component is usually referred to
as the out-fringing capacitance. For example, the out-fringing
capacitance between the gate region and the second S/D
region is defined by a path from the gate region to the second
S/D region through the second gate spacer.

It is desirable to minimize the out-fringing capacitances
between the gate region and the first and second S/D regions
in order to increase transistor performance or to reduce tran-
sistor switching time. Therefore, there is a need for a novel
transistor structure in which the out-fringing capacitances
between the gate region and the first and second S/D regions
are relatively less than those of the prior art. There is also a
need for a method for fabricating the novel transistor struc-
ture.

SUMMARY OF THE INVENTION

The present invention provides a semiconductor structure,
comprising (a) a semiconductor layer including a channel
region and first and second source/drain regions, wherein the
channel region is disposed between the first and second
source/drain regions, and wherein top surfaces of the first and
second source/drain regions are below a top surface of the
channel region; (b) a gate dielectric region on the channel
region; and (c) a gate region on the gate dielectric region,
wherein the gate region is electrically isolated from the chan-
nel region by the gate dielectric region.

The present invention also provides a method for fabricat-
ing a semiconductor structure, the method comprising the
steps of (a) providing a semiconductor layer and a gate stack
on the semiconductor layer, wherein the semiconductor layer
comprises (i) a channel region directly beneath the gate stack
and (ii) first and second semiconductor regions essentially not
covered by the gate stack, and wherein the channel region is
disposed between the first and second semiconductor regions;
(b) removing the first and second semiconductor regions; and
(c¢) doping regions directly beneath the removed first and
second semiconductor regions so as to form first and second
source/drain regions, respectively, such that top surfaces of
the first and second source/drain regions are below a top
surface of the channel region.
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The present invention also provides a method for fabricat-
ing a semiconductor structure, the method comprising the
steps of (a) providing (i) an underlying dielectric layer, (ii) a
semiconductor layer on the underlying dielectric layer, and
(iii) a gate stack on the semiconductor layer; (b) implanting
first dopants in a top layer of the underlying dielectric layer
except in a separating dielectric region of the top layer
directly beneath the gate stack; (c) removing the top layer of
theunderlying dielectric layer except the separating dielectric
region; (d) epitaxially growing semiconductor regions to fill
the removed top layer of the underlying dielectric layer; and
(e) implanting second dopants in semiconductor regions of
the semiconductor layer and the epitaxially grown semicon-
ductor regions on opposing sides of the gate stack so as to
form first and second source/drain regions such that the sepa-
rating dielectric region is disposed between the first and sec-
ond source/drain regions.

The present invention provides a novel transistor structure
in which the out-fringing capacitances between the gate
region and the first and second S/D regions are relatively less
than those ofthe prior art. The present invention also provides
a method for fabricating the novel transistor structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1K show cross-section views of a semiconduc-
tor structure used to illustrate a method of fabricating semi-
conductor structures, in accordance with embodiments ofthe
present invention.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 1A-1K show cross-section views of a semiconduc-
tor structure 100 used to illustrate a method of fabricating
semiconductor structures, in accordance with embodiments
of the present invention. More specifically, with reference to
FIG. 1A, in one embodiment, the method starts out with an
SOI (silicon on insulator) substrate 110 comprising, illustra-
tively, a silicon layer 110a, an underlying dielectric layer
1104 (usually referred to as BOX, i.e., buried oxide layer) on
top of the silicon layer 110a, and another silicon layer 110c on
top of theunderlying dielectric layer 1105. Starting from FIG.
1B, the silicon layer 110q is omitted for simplicity.

Next, in one embodiment, the method comprises the step of
forming a gate dielectric layer 120 on top of the silicon layer
110c¢. In one embodiment, the gate dielectric layer 120 can
comprise silicon dioxide and can be formed by thermally
oxidizing a top surface 112 of the silicon layer 110c.

Next, in one embodiment, a gate layer 130 is formed on top
of the gate dielectric layer 120. In one embodiment, the gate
layer 130 can comprise poly-silicon. Next, in one embodi-
ment, a hard mask dielectric layer 140 is formed on top of the
poly-silicon layer 130. In one embodiment, hard mask dielec-
tric layer 140 can comprise silicon dioxide and can be formed
by, illustratively, chemical vapor deposition (i.e., CVD).
Then, in one embodiment, a photoresist layer 150 is formed
on top of the hard mask dielectric layer 140.

Next, in one embodiment, the photoresist layer 150 is
patterned to become the patterned photoresist layer 150" by,
illustratively, photolithography (i.e., the regions of the pho-
toresist layer 150 represented by the dashed lines are
removed).

Next, in one embodiment, the patterned photoresist layer
150' can be used as a mask to etch the hard mask dielectric
layer 140 and then the gate layer 130 so as to form the hard
mask dielectric region 140' and the gate region 130", respec-
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tively. In other words, the regions of the hard mask dielectric
layer 140 and the gate layer 130 represented by the dashed
lines are removed.

Next, with reference to FIG. 1B, in one embodiment, the
method proceeds with an implantation step of using the
regions 130, 140', and 150" as a mask to implant nitrogen in a
top layer 114 of the underlying dielectric layer 1105. As a
result, regions 1144 and 1145 of the top layer 114 are doped
with nitrogen except for a separating dielectric region 114¢
directly beneath the regions 130", 140', and 150'. In general,
any dopants can be used here instead of nitrogen provided that
the doped regions 114a and 1145 doped with the dopants can
be later etched away (i.e., removed) essentially without
affecting the other regions of the underlying dielectric layer
1105.

Next, with reference to FIG. 1C, in one embodiment, the
patterned photoresist layer 150" (FIG. 1B) can be removed,
and a nitride layer 150 can be blanket-deposited on top of the
structure 100.

Next, with reference to FIG. 1D, in one embodiment, the
method can proceed with an anisotropic etching step that
removes most of the nitride layer 150 and leaves nitride
spacers 150a and 1505 on sidewalls of the gate stack 130',140'
(that comprises the gate region 130" and the hard mask dielec-
tric region 140"). In one embodiment, the anisotropic etching
step can be RIE (Reactive lon Etching). Next, in one embodi-
ment, anoxide (e.g., SiO,) layer 160 can be blanket-deposited
on the structure 100 by, illustratively, CVD.

Next, in one embodiment, the gate stack 130',140' can be
used as a mask to implant germanium in a top layer 116 of the
silicon layer 110c¢. As a result, doped regions 1164 and 1165
of the top layer 116 are doped with germanium except for a
region 116¢ directly beneath the gate stack 130',140'. In gen-
eral, any dopants can be used here instead of germanium
provided that the resulting silicon regions 116a and 1165
doped with the dopants can be later etched away essentially
without affecting the other regions of the silicon layer 110c.

Next, with reference to FIG. 1E, in one embodiment,
nitride spacers 170a and 1705 can be formed on sidewalls of
the gate stack 130',140' (that now includes a portion of the
oxide layer 160 that covers the gate stack 130',140"). In one
embodiment, the nitride spacers 170a and 1705 can be
formed by blanket-depositing a nitride layer (not shown) on
top of the structure 100 and then etching back.

Next, in one embodiment, the method proceeds with an
implantation step (represented by arrow 117a”) of implanting
germanium in the silicon layer 110c¢ at an angle such that the
resulting doped region 1174 is deeper than the doped region
116a and extends under the nitride spacer 170a. Then, in one
embodiment, the method proceeds with an implantation step
(represented by arrow 1175") of implanting germanium in the
silicon layer 110c¢ at an angle such that the resulting doped
region 11754 is deeper than the doped region 1165 and extends
under the nitride spacer 1705. The arrows 1174’ and 1175’
also indicate the respective directions of germanium bom-
bardments.

Next, in one embodiment, the method proceeds with an
implantation step (represented by arrow 118) of implanting
germanium vertically in the silicon layer 110c¢ such that the
resulting doped regions 118a and 11856 are deeper than the
doped regions 117a and 1175, respectively. The arrow 118
also indicates the direction of germanium bombardment.
Starting from FIG. 1F, the doped regions 1164, 1174, and
118a are collectively referred to as the doped region 119a4.
Similarly, the doped regions 1165, 1175, and 1185 are col-
lectively referred to as the doped region 1194.
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Next, with reference to FIG. 1F, in one embodiment, oxide
spacers 180a and 1806 are formed on sidewalls of the nitride
spacers 170a and 1705, respectively. In one embodiment, the
oxide spacers 180a and 1805 can be formed by blanket-
depositing an oxide layer (not shown) on top of the structure
100 and then etching back. As a result, a top region of the
oxide layer 160 is etched away, and the nitride spacers 160a
and 16056 are exposed to the atmosphere. Also as a result, the
doped regions 119a and 1195 are exposed to the atmosphere.
The oxide layer 160 is reduced to the oxide regions 160a and
1604. The gate dielectric layer 120 is reduced to gate dielec-
tric region 120'.

Next, with reference to FIG. 1G, in one embodiment, the
method proceeds with an etching step of anisotropically etch-
ing away (illustratively, using RIE) silicon regions exposed to
the atmosphere while leaving essentially intact other regions
comprising other materials such as oxide and nitride. As a
result, regions 1194 and 1195 of the silicon layer 110¢ are
removed.

Next, in one embodiment, the nitrogen-doped regions 114a
and 1145 can be removed by a wet-etching process which
essentially affects only nitrogen-doped oxide material and
essentially does not affect other materials such as nitride,
silicon, and undoped oxide.

Next, with reference to FIG. 1H, in one embodiment, sili-
con is epitaxially grown from the silicon layer 110¢ (includ-
ing the doped regions 1194 and 1195) to top surfaces 1924
and 1925.

Next, in one embodiment, the resulting silicon layer 110c is
anisotropically etched back (illustratively, using RIE) to top
surfaces 194a and 1945, respectively. In one embodiment, the
top surfaces 194a and 1945 of the resulting silicon layer 110c¢
after etching back are below the bottom surfaces 195a and
1955 (FIG. 1G) of the germanium-doped regions 119a and
11954, respectively.

Next, in one embodiment, an anneal process can be per-
formed to diffuse germanium in the germanium-doped
regions 1194 and 1195 into the silicon layer 110c.

Next, with reference to FIG. 11, in one embodiment, the
germanium-doped regions 119a and 11956 (FIG. 1H) of the
silicon layer 110c¢ can be removed (illustratively, by wet etch-
ing) while leaving essentially intact other regions of the sili-
con layer 110c¢ that are not doped with germanium.

Next, in one embodiment, an S/D implantation step can be
performed to form S/D regions 210a and 21056 in the silicon
layer 110c. In one embodiment, an S/D anneal step can be
performed after the S/D implantation step.

Next, with reference to FIG. 1], in one embodiment, the
method proceeds with a step of anisotropically etching (illus-
tratively, using RIE) the exposed nitride regions 150qa, 1505,
170a, and 17056 (FIG. 11). As a result, the nitride spacers 170a
and 1705 are removed. The nitride regions 150a and 1505 are
thin and protected by surrounding oxide regions 160a, 1605,
and 140' (FIG. 1I). As a result, the etch rate for the nitride
regions 150a and 1505 is much slower than that for the nitride
spacers 170a and 1705. Therefore, when the nitride spacers
170a and 17056 are completely removed, the nitride regions
1504 and 1505 can be almost intact.

Next, in one embodiment, the method proceeds with a step
of anisotropically etching (illustratively, using RIE) the
exposed oxide regions 160a, 1605, and 140' (FIG. 1I). As a
result, the hard mask dielectric region 140' is removed, while
the oxide regions 160a and 1605 are reduced to the oxide
spacers 160a’ and 1605’, respectively.

Next, in one embodiment, a halo implantation step (repre-
sented by an arrow 220a”) can be performed to form a halo
region 220a. Next, in one embodiment, another halo implan-
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tation step (represented by an arrow 2205’) can be performed
to form a halo region 2205. The arrows 220a’ and 2205 also
indicate the respective directions of halo ion bombardments.

Next, in one embodiment, an extension implantation step
(represented by arrows 230) can be performed to form exten-
sion regions 230a and 2305. The arrow 230 also indicates the
direction of extension ion bombardments.

Next, in one embodiment, a halo and extension anneal step
can be performed to anneal the resulting halo regions 220a
and 2205 and the resulting extension regions 230a and 2305.

Next, with reference to FIG. 1K, in one embodiment, oxide
spacers 240a and 2405 are formed on sidewalls of the oxide
spacers 160a’and 1605’ respectively. In one embodiment, the
oxide spacers 240a and 2405 can be formed by blanket-
depositing an oxide layer (not shown) on top of the structure
100 and then etching back. Now, the gate region 130" and the
gate dielectric region 120' can be collectively referred to as
the gate stack 120',130' of the structure 100.

In summary, the method for forming lowered S/D transis-
tor 100 starts out with a planar silicon layer 110c¢ (FIG. 1A).
Then, the silicon regions 119a and 1195 (FIG. 1H) are doped
with germanium so that they can be removed later (FIG. 11)
without affecting other silicon regions of the silicon layer
110c. As a result, the transistor 100 (FIG. 1K) has lowered
S/D regions 210a and 2105 (i.e., top surfaces 212q and 2126
of'the S/D regions 210a and 2105, respectively, are lower than
a top surface 242 of the channel region 240). Considering a
path from the gate region 130’ to the S/D region 210a through
the nitride spacer 150a, the oxide spacers 160a’ and 240a,
because of the lowered S/D region 210a, the path is extended
when it goes through the oxide spacer 240a. As a result, the
out-fringing capacitance between the gate region 130' to the
S/D region 210q is reduced. For a similar reason, the out-
fringing capacitance between the gate region 130" and the S/D
region 2105 is also reduced.

To form the separating dielectric region 114¢ (FIG. 1C),
the oxide regions 114a and 1145 of the underlying dielectric
layer 1105 are doped with nitrogen so that the oxide regions
114a and 1145 can be later removed (FIG. 1G) and replaced
by epi-silicon (epi=epitaxially grown) as shown in FIG. 1H.
As a result, the separating dielectric region 114c¢ is disposed
between the S/D regions 210a and 2105 (FIG. 1K). Because
of the separating dielectric region 114¢, the channel region
240 (immediately beneath the gate dielectric region 120') is
thinner. As a result, short channel effects are improved.

While particular embodiments of the present invention
have been described herein for purposes of illustration, many
modifications and changes will become apparent to those
skilled in the art. Accordingly, the appended claims are
intended to encompass all such modifications and changes as
fall within the true spirit and scope of this invention.

What is claimed is:

1. A method for fabricating a semiconductor structure, said
method comprising:

providing a semiconductor layer and a gate stack on the

semiconductor layer, wherein the semiconductor layer
comprises (i) a channel region directly beneath the gate
stack, and (ii) first and second semiconductor regions
essentially not covered by the gate stack, and wherein
the channel region is disposed between the first and
second semiconductor regions;

removing the first and second semiconductor regions; and

doping regions directly beneath the removed first and sec-

ond semiconductor regions so as to form first and second
source/drain regions, respectively, such that top surfaces
of' the first and second source/drain regions are below a
top surface of the channel region;
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wherein said removing the first and second semiconductor

regions comprises:

doping the first and second semiconductor regions ofthe
semiconductor layer with first dopants; and

etching away the first and second semiconductor regions
but leaving essentially intact the gate stack and
regions of the semiconductor layer which are not
doped with the first dopants,

wherein said doping the first and second semiconductor

regions with the first dopants is performed such that each
region of the first and second semiconductor regions of
the semiconductor layer has a thickness in a first direc-
tion perpendicular to a top surface of the channel region
that increases discontinuously when moving in a second
direction away from the gate stack, and

wherein the second direction is parallel to the top surface of

the channel region.
2. The method of claim 1, wherein the gate stack com-
prises: (i) a gate dielectric region on the semiconductor layer
and (ii) a gate region on the gate dielectric region, and
wherein the gate region is electrically isolated from the chan-
nel region by the gate dielectric region.
3. The method of claim 1, wherein said doping the first and
second semiconductor regions with the first dopants further
comprises forming spacers on sidewalls of the gate stack.
4. The method of claim 1, wherein the semiconductor layer
comprises silicon, and wherein the first dopants in the first
and second semiconductor regions comprise germanium.
5. The method of claim 1, wherein the thickness is a step
function of spatial position along the second direction
directed away from the gate stack, wherein the step function
comprises step shaving a magnitude equal to the thickness,
and wherein the magnitude of the steps increase when moving
in the second direction away from the gate stack.
6. The method of claim 1, wherein the step function con-
sists of three steps.
7. A method for fabricating a semiconductor structure, said
method comprising:
providing a semiconductor layer and a gate stack on the
semiconductor layer, wherein the semiconductor layer
comprises (i) a channel region directly beneath the gate
stack, and (ii) first and second semiconductor regions
essentially not covered by the gate stack, and wherein
the channel region is disposed between the first and
second semiconductor regions;
removing the first and second semiconductor regions;
doping regions directly beneath the removed first and sec-
ond semiconductor regions so as to form first and second
source/drain regions, respectively, such that top surfaces
of the first and second source/drain regions are below a
top surface of the channel region;
providing an underlying dielectric layer wherein the semi-
conductor layer is on the underlying dielectric layer;

implanting second dopants in a top layer of the underlying
dielectric layer except in a separating dielectric region of
the top layer directly beneath the gate stack;

etching away the top layer of the underlying dielectric layer

except the separating dielectric region; and

epitaxially growing a semiconductor material to fill the

removed top layer of the underlying dielectric layer
before said removing the first and second semiconductor
regions is performed.

8. The method of claim 7,

wherein said implanting second dopants comprises using

the gate stack as a mask to implant the second dopants in
the top layer of the underlying dielectric layer except in
the separating dielectric region, and



US 7,732,288 B2

7

wherein said etching away the top layer of the underlying
dielectric layer is performed such that regions of the
underlying dielectric layer which are not doped with the
second dopants are essentially intact.

9. The method of claim 8, wherein the second dopants
comprise nitrogen, and wherein the underlying dielectric
layer comprises silicon dioxide.

10. The method of claim 7, wherein said epitaxially grow-
ing the semiconductor material is performed until a top sur-
face of epitaxially grown semiconductor regions is at a level
lower than a bottom surface of the first and second semicon-
ductor regions.

11. A method for fabricating a semiconductor structure,
said method comprising:

providing (i) an underlying dielectric layer, (ii) a semicon-

ductor layer on the underlying dielectric layer, and (iii) a
gate stack on the semiconductor layer;

implanting first dopants in a top layer of the underlying

dielectric layer except in a separating dielectric region of
the top layer directly beneath the gate stack;

removing the top layer of the underlying dielectric layer

except the separating dielectric region;
epitaxially growing semiconductor regions to fill the
removed top layer of the underlying dielectric layer; and

implanting second dopants in semiconductor regions of the
semiconductor layer and the epitaxially grown semicon-
ductor regions on opposing sides of the gate stack so as
to form first and second source/drain regions such that
the separating dielectric region is disposed between the
first and second source/drain regions.
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12. The method of claim 11, wherein said implanting first
dopants comprises using the gate stack as a mask to implant
the first dopants in the top layer of the underlying dielectric
layer except in the separating dielectric region.

13. The method of claim 11, wherein said removing the top
layer of the underlying dielectric layer comprises etching
away regions of the underlying dielectric layer doped with the
first dopants but leaving essentially intact regions of the
underlying dielectric layer not doped with the first dopants;

a wet-etching process that etches away regions of the

underlying dielectric layer doped with the first dopants
but leaves essentially intact regions of the underlying
dielectric layer not doped with the first dopants.

14. The method of claim 13, wherein the method further
comprises:

before said etching away is performed, removing regions

of the semiconductor layer so as to expose regions of the
underlying dielectric layer that are doped with the first
dopants.

15. The method of claim 14, wherein said removing the
regions of the semiconductor layer comprises:

forming gate spacers on side walls of the gate stack; and

using the gate stack and the gate spacers as a mask to RIE

(reactive ion etching) away the regions of the semicon-
ductor layer so as to expose the regions of the underlying
dielectric layer that are doped with the first dopants.

16. The method of claim 11, wherein the first dopants
comprise nitrogen, and wherein the underlying dielectric
layer comprises silicon dioxide.
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